In this study, we introduce a new concept of all-optical two-dimensional serial-to-parallel pulse converters. Femtosecond optical pulses can be understood as thin plates of light traveling in space. When a femtosecond signal-pulse train and a single gate pulse were fed onto a material with a finite incident angle, each signal-pulse plate met the gate-pulse plate at different locations in the material due to the time-of-flight effect. Meeting points can be made two-dimensional by adding a partial time delay to the gate pulse. By placing a nonlinear optical material at an appropriate position, two-dimensional serial-to-parallel conversion of a signal-pulse train can be achieved with a single gate pulse. We demonstrated the detection of parallel outputs from a 1-Tb/s optical-pulse train through the use of a BaB 2 O 4 crystal. We also succeeded in demonstrating 1-Tb/s serial-to-parallel operation through the use of a novel organic nonlinear optical material, squarylium-dye J-aggregate film, which exhibits ultrafast recovery of bleached absorption.
Introduction
Time-to-space conversion of femtosecond optical pulses has attracted much attention for application to all-optical signal processing. [1] [2] [3] [4] This technique is readily applicable to all-optical serial-to-parallel pulse conversion, which is expected to play an important role in future optical systems, not specifically for signal processing and computing, but for ultrafast optical communication. However, in most of the previous studies on time-to-space pulse conversion, space expansions were carried out in one dimension (1D) through the use of the Fourier transform in the frequency domain. Therefore, it was essential for the optical pulses to be transform-limited. Konishi and Ichioka reported and extensively studied the concept of time-to-two-dimensional (2D) space conversion, but they also employed the Fourier transform through the use of a grating for one dimension. 5) If there were any simpler procedure for converting a serial-pulse train into 2D parallel outputs with less limited pulse quality, it would be a promising technique for demultiplexing Tb/s signals for application to ultrafast optical telecommunications. We propose a new device concept for achieving all-optical 2D serial-to-parallel pulse conversion based on direct time-to-space conversion using the time-of-flight technique.
6) The key to the realization of this concept is a large-area nonlinear optical (NLO) material that exhibits femtosecond optical response. In this paper, we describe the principle of our device and report the first demonstration of pulse conversion with a Tb/s repetition rate achieved through the use of our novel large-area NLO organic film.
Principle
A schematic diagram of serial-to-parallel pulse conversion is shown in Fig. 1 . A femtosecond signal-pulse train with a picosecond pulse interval and a finite diameter is fed onto an NLO material. The signal pulses are synchronized with a femtosecond gate pulse that has the same finite diameter. The signal light is aligned vertically with the NLO film, and the gate pulse is aligned with the finite difference in the incident angle (θ ). The signal and gate pulses are adjusted so that they become plane-wave pulses with femtosecond time duration. Thus, they can be understood as thin plates of light traveling in space. Each of the signal pulses meets the gate pulse at a different location on the NLO material due to the effect of θ . If the NLO phenomenon is instantaneous or recovers to the initial state within the time scale of gate-pulse duration, an NLO signal generated by each of the signal pulses is detected at different locations on the NLO material. In this way, serial-to-parallel pulse conversion in the horizontal direction can be achieved. To expand output signals into two dimensions, partial time delay is introduced in the gate pulse in the perpendicular direction through the use of an optical delay. In Fig. 1 , the gate pulse is divided into two parts, and each part is given a different arrival time at the NLO material through the use of a glass plate.
7) The first part of the gate pulse is synchronized with the first half of the signal-pulse train, and the second part of the gate pulse is synchronized with the latter half. The pulse conversion described above is performed by the first and second parts of the gate pulse. As a result, 2D parallel outputs can be generated with a single gate pulse onto a photodetector array. An example with 2 × 4 parallel outputs is illustrated in Fig. 1 . As expected, however, additional channels of parallel outputs are readily obtained through the use of a large-area NLO material together with an optical delay with additional delay stages. We termed this device a "femtosecond large-area parallel processor (FESLAP)".
Two types of NLO materials were used in this study. First, second-harmonic generation (SHG) of BaB 2 O 4 (BBO) crystal plate was used to confirm the principle of FESLAP. SHG is an instantaneous phenomenon that can be observed only when both the signal and gate pulse exist simultaneously at the same position. Therefore, BBO can be used as an NLO material for testing the FESLAP principle. To demonstrate direct-signal monitoring, an organic optical shutter based on a spin-coated film of squarylium (SQ) J-aggregates was introduced. The spin-coated film of SQ J-aggregates exhibits bleached absorption at 775 nm to 780 nm, and the absorption change recovers to half the maximum value within 200 fs to 300 fs, as we reported previously. 8, 9) Thus, an SQ J-aggregate film with a large area can be used as a 2D array of ultrafast optical shutters. In the case of SQ film, output signals are detected as the intensity change of signal pulses due to the absorption bleaching caused by a gate pulse and its recovery.
Experimental
The experimental setup is shown in Fig. 2 . A group of retroreflectors produced a femtosecond signal-pulse train with an interval of 1 ps, corresponding to a repetition rate of 1 Tb/s. Only four serial pulses are shown in Fig. 2 , but in the actual experiment up to sixteen serial pulses were prepared through the addition of retroreflectors. For a BBO crystal, output pulses from an amplified Ti:Sapphire laser were used as signal pulses. For the SQ J-aggregate film, the wavelength of a signal pulse was tuned in the range from 770 nm to 780 nm in order to match the peak wavelength of bleached absorption, through the use of an optical parametric amplifier (OPA) and an SHG crystal. A signal-pulse train was fed onto the NLO material from the surface normal direction. For a gate pulse, an output pulse from an amplified Ti:Sapphire laser was used, and the wavelength was fixed at 795 nm. The gate pulse was fed onto the NLO material through an optical delay, which gave partial time delay to the gate pulse. The optical delay was composed of glass plates stacked like stairs. Fine adjustment of the delay time was performed by rotating the optical delay. Intersection angle θ was set at 17.5 deg, so that each gate pulse moved 1 mm on the surface of the NLO material in 1 ps. The pulse durations of the gate and signal pulses were estimated to be 200 fs. The beam diameters were approxi-S. TATSUURA et al. 2733 mately 8 mm, and gate power was 1.3 pJ/µm 2 to 1.6 pJ/µm 2 when SQ film was used. A white screen or charge coupled device (CCD) camera was used to detect output signals as necessary. The BBO crystal plate was type II with a diameter of 10 mm and thickness of 1 mm. An SQ film was prepared by the spin-coating method from 1 wt% 1,2-dichloroethane solution of an SQ derivative with dibuthylamino bases (SQ44) without any polymer matrix. The typical optical density of an SQ J-aggregate film was 1.6, and the film thickness was approximately 100 nm. Films were uniform over an area greater than 4 cm × 4 cm.
Results and Discussion
In the first experiment, a BBO crystal plate was used to replace the NLO material shown in Fig. 2 . The second harmonic of the gate and signal light pulses was generated at different positions in the BBO, and was projected onto a screen. The output image was enlarged through the use of a convex lens. The result is shown in Fig. 3 . Corresponding to the number of delay stages, 1 × 4, 2 × 4, 3 × 4, and 4 × 4 parallel outputs are clearly observed. The signal-pulse interval was 1 ps; this result indicates the ability of FESLAP to convert a 1-Tb/s serial-pulse train into 2D parallel outputs with a single gate pulse. The nonuniformity of the output images results from an inhomogeneous beam pattern due to the edge diffraction and surface reflection of the optical delay. The output-signal peak was well defined at a 500 fs pulse interval, indicating the ability of this system to convert a signal-pulse train with a 2-Tb/s repetition rate. On the other hand, for a pulse train with a much longer pulse interval, a larger working area for the NLO material is required which corresponds to the pulse travel distance. Therefore, the conversion of signals with a low repetition rate is not practical for this system.
Next, SQ J-aggregate film was used as the NLO material. The chemical formula of SQ44 and the absorption spectrum of SQ44 spin-coated film are shown in Fig. 4 . A sharp J-band was confirmed with a peak wavelength of 777 nm. Bleached absorption was observed at approximately 779 nm for this film. Output signals were monitored as the transmittance change due to the reduction and recovery of absorption. In the present experiment, a differential image of transmitted light, with and without a gate pulse, was detected through the use of the CCD camera. The amount of transmittance change was determined to be greater than 30% of the initial value. The wavelength of a gate pulse was set at 795 nm to reduce noise caused by interference. An image of 1D output signals and the intensity profile observed for 1-Tb/s serial pulses are shown in Fig. 5 . Clear output signals of 1 × 4 are observed. As the intersection angle between the signal and a gate pulse was 17.5 deg, 1 mm on the CCD corresponds to 1 ps. Thus, the horizontal axis of the profile represents not only the position on the CCD, but also the time. Namely, the profile represents the direct transmittance change over time. Each signal exhibits a very sharp rise and fairly rapid decay. This reflects the finding that absorption reduction occurs well within 100 fs, or nearly instantaneously, while its recovery requires slightly more time. Weak fringes that are observed on decaying tails are likely the result of the edge diffraction of optical components. SQ J-aggregate film thus serves as an ultrafast all-optical shutter array, and the shutter opening time is estimated to be approximately 500 fs from this profile. This result indicates the feasibility of fabricating a FESLAP through the use of organic film. Compared with a BBO crystal, SQ J-aggregate film has several advantages. First, it is suitable for microfabrication processes and it is easy to construct a device involving interference structures, thus ensuring high flexibility in device design. Second, in the design of optical configurations, phase matching, which is necessary for an SHG crystal, is not needed. In addition, SQ J-aggregate films can be prepared by simple spin-coating and are highly stable at room temperature, thus low manufacturing cost is expected. FESLAP uses direct time-to-space pulse conversion based on the time-of-flight technique, but has certain distinguishing features. First, multiple parallel outputs are obtained with a single gate pulse. Output signals can be expanded to 2D through the use of a perpendicular optical delay. Second, transform-limited pulses are not necessary, as no grating is used. This also means that data on the frequency domain is not utilized. Third, because the system is composed of a limited number of simple parts, manufacturing costs are expected to be minimized. These features make FESLAP extremely suitable for demultiplexing and other signal-processing devices in future ultrafast optical communication networks.
Conclusions
A new concept in ultrafast, all-optical 2D serial-to-parallel pulse conversion based on a direct time-to-space pulse converter has been proposed. The system has the ability to realize multiple parallel outputs with a single gate pulse. Demonstrations were performed using a BBO crystal and an SQ J-aggregate film-based ultrafast optical shutter array. 1D and 2D parallel output signals have been clearly observed from a serial-pulse train with a repetition rate of 1 Tb/s.
